Introduction
============

The largest fraction of multicellular eukaryotic genomes is composed of autonomously replicating DNA, called transposable elements (TEs) (for review, [@evu204-B94]). TEs engender variation directly through insertion and excision and indirectly through recombination (for review, [@evu204-B64]). The sequence generated through transposition and TE-mediated recombination is initially unconstrained and can serve as a source of genomic innovation (for review, [@evu204-B25]). In addition to self-replication and the generation of nonautonomous copies, TEs mediate the duplication of constrained host genes and regulatory sequences. This process can occur at the RNA level (through retroposition) (for review, [@evu204-B56]) as well as at the DNA level through transduction or recombination (for review, [@evu204-B55]). Novel chimeric genes can result from the fusion of TE-encoded genes or *cis*-acting sequences with host gene fragments (e.g., [@evu204-B15]; for review, [@evu204-B28]) as well as from the fusion of host sequences from unlinked locations ([@evu204-B80]; [@evu204-B71]; [@evu204-B53]; [@evu204-B60]; [@evu204-B41]; [@evu204-B69]; [@evu204-B82]; [@evu204-B130]; [@evu204-B45]; [@evu204-B118]; [@evu204-B119]; [@evu204-B123]; [@evu204-B124]; [@evu204-B52]; [@evu204-B108]; [@evu204-B113]; [@evu204-B122]; [@evu204-B17]; [@evu204-B21]; [@evu204-B44]; [@evu204-B74]; [@evu204-B103]; [@evu204-B125]; [@evu204-B22]; [@evu204-B42]). Among TEs, rolling-circle elements (*Helitrons*) mediate gene chimera formation and have been proposed to be important players in new gene formation (e.g., [@evu204-B81]; [@evu204-B24]; [@evu204-B117]; for review, [@evu204-B4]; [@evu204-B81]).

The genome of the little brown bat, *Myotis lucifugus* is home to a large diversity of both retrotransposons and DNA transposons ([@evu204-B95]; [@evu204-B97], [@evu204-B98]; [@evu204-B86]; [@evu204-B134]). Two features of the *M. lucifugus* genome (and related genomes) are unusual among mammals. The first feature is the diversity of recently active DNA transposon families (younger than 40 Myr) ([@evu204-B97]), a pattern that is distinct from most other mammals, which have few if any active DNA transposons (most families are older than 40 Myr) ([@evu204-B85]). The DNA transposon families appear to have entered the genome in waves at different time points during the last approximately 40 Myr ([@evu204-B95]; [@evu204-B97], [@evu204-B98]) at least in some cases by horizontal transfer ([@evu204-B136]; [@evu204-B34]; [@evu204-B87]; [@evu204-B115]). Some of these elements are active ([@evu204-B79]) and their insertions are polymorphic in natural populations ([@evu204-B97]). The second feature is the presence of *Helitrons*, which is in marked contrast to the dearth of related sequences in other mammals (except for two highly degraded gene fragments of the *Helitron* encoded Rep/Helicase protein found in the genome of platypus) ([@evu204-B95]; [@evu204-B115], [@evu204-B116]).

*Helitrons* are widespread in plants and invertebrates often contributing to a sizable fraction of the genome (as much as ∼6.62%) ([fig. 1](#evu204-F1){ref-type="fig"}). They have also been described from some microbial eukaryote, fungal, and vertebrate genomes but have not reached high copy number ([@evu204-B92]; [@evu204-B101]; [@evu204-B115], [@evu204-B117]). *Helitrons* from bats began getting fixed approximately 36 Ma ([@evu204-B95]); therefore, most copies are substantially older than their counterparts in other eukaryotes (it has been estimated that most of the maize *Helitrons* transposed \<250,000 years ago) ([@evu204-B29]; [@evu204-B125]). The discovery of *Helitrons* in the genome of the little brown bat ([@evu204-B95]; [@evu204-B116]) affords the unique opportunity to understand the tempo of transposition in a genome that evolves slower ([@evu204-B129]; [@evu204-B7]) than the previously studied plant and insects ([@evu204-B88]; [@evu204-B5]). The vast array of mammalian genomic resources helps to measure for the first time the long-term impact of *Helitron* activity on an array of evolutionary features, such as speciation, morphology, and genome organization. F[ig]{.smallcaps}. 1.---The abundance of *Helitron* generated DNA in different organisms. The front (blue) row represents percent of the genome composed of *Helitrons* and the back (red) row indicates the amount of DNA (in Mb) contributed by *Helitrons*. The different organisms include *Arabidopsis thaliana* (1.3%, 1.56 Mb), *Medicago trunculata* (1.3%, 4.1 Mb), *Oryza sativa* spp. *japonica* (2.1%, 9 Mb), *Sorghum bicolor* (3%, 22.2 Mb), *Zea mays* (2.2%, 45.4 Mb), *Caenorhabditis elegans* (2.3%, 2.3 Mb) ([@evu204-B126]), *Nematostella vectensis* (3%, 8.9 Mb) ([@evu204-B96]), *Bombyx mori* (4.2%, 19.7 Mb), *Heliconius melpomene* (6.6%, 17.8 Mb) ([@evu204-B42]), and *Myotis lucifugus* (5.8%, 109.8 Mb).

*Helitrons* display features that are atypical of other eukaryotic DNA transposons. This includes the putative rolling-circle-like transposition mechanism, unique structure, and lack of target site duplication (TSD) ([@evu204-B57]). The putative autonomous *Helitrons* carry a single open reading frame (ORF) (Rep/Helicase) with homology to proteins involved in rolling-circle replication encoded by other forms of mobile DNA ([@evu204-B57]). The sequence features are limited to a 'TC\' on the 5′-end and a short stem loop structure followed by a terminal 'CTRR\' on the 3′-end ([@evu204-B57]). *Helitrons* display heterogeneous structure, thus the classification is much different than for other DNA transposons ([@evu204-B21]; [@evu204-B126]). Members of the same family share at least 80% identity over the last 30 bases and belong to the same subfamily when they also share at least 80% identity over the first 30 bases. Exemplars have unique (\>20% divergence) intervening sequence ([@evu204-B125]). The heterogeneity of *Helitron* units and the minimal sequence conservation makes curation difficult to automate. Some programs ([@evu204-B20]; [@evu204-B126]) work well to identify putative *Helitrons* that display the structural features described above but verification of prior mobility is necessary for accurate curation and to avoid false positive calls. Evidence can include the presence of multiple copies with the same termini at different positions and/or the identification of empty sites (insertion free sites).

*Helitrons* capture genic sequence at the DNA level ([@evu204-B69], [@evu204-B71]; [@evu204-B10]; [@evu204-B41]; [@evu204-B82]; [@evu204-B118]; [@evu204-B124]; [@evu204-B16]; [@evu204-B47]; [@evu204-B114]; [@evu204-B24]; [@evu204-B52]; [@evu204-B113]; [@evu204-B21]; [@evu204-B74]; [@evu204-B125]; [@evu204-B120]; [@evu204-B19]; [@evu204-B14]; [@evu204-B42]; [@evu204-B117]) through a poorly understood process, which is likely in part a result of the bypass of the 5′- or 3′-end and the low sequence requirements for transposition. *Helitrons* have been dubbed "exon-shuffling machines" due to the propensity for gene capture and the resulting sequence heterogeneity ([@evu204-B31]). Gene capture has been well documented in the maize genome where *Helitron* activity has resulted in the transduction and shuffling of tens of thousands of gene fragments into novel genetic units (protogenes), which in some rare instances have been further amplified through *Helitron* transposition ([@evu204-B71], [@evu204-B69]; [@evu204-B10]; [@evu204-B41]; [@evu204-B72]; [@evu204-B82]; [@evu204-B118]; [@evu204-B124]; [@evu204-B52]; [@evu204-B21]; [@evu204-B125]). Well-supported gene fragment acquisition has also been reported in lepidopterans, fungi, and a few other plants ([@evu204-B16]; [@evu204-B47]; [@evu204-B114]; [@evu204-B24]; [@evu204-B113]; [@evu204-B74]; [@evu204-B120]; [@evu204-B42]). Previously we reported one example of gene capture in the *M. lucifugus* genome by *HelibatN3*, which has amplified the promoter, 5′-untranslated region (UTR), first exon, and partial first intron of the *NUBPL* gene to a thousand copies ([@evu204-B95]). Although there is substantial data supporting the significance of gene duplication to evolutionary innovation in bats ([@evu204-B107]; [@evu204-B132]), the importance of *Helitron*s in this process remains to be investigated.

The birth of a functional gene duplicate or new gene is not likely to be immediate but rather to proceed through intermediate and reversible protogene stages ([@evu204-B12]). For de novo genes, there is an evolutionary continuum and no strict boundary between the different stages ([@evu204-B12]). Several studies in *Drosophila* have identified novel functional genes from protogene duplicates ([@evu204-B13]; [@evu204-B127]; [@evu204-B18]; [@evu204-B65]) that are associated with a subtype of *Helitron* ([@evu204-B117]). It is noteworthy that most of the gene captures and chimeras generated are evolutionarily neutral ([@evu204-B54]); however, occasionally a small fraction get transcribed and translated suggestive of functional potential ([@evu204-B43]). The null hypothesis is that the *Helitron* amplified protogenes are evolutionarily neutral.

The previously estimated period of activity of the *Helibat* family was approximately 30--36 Ma ([@evu204-B95]). This was based on the analysis of a few subfamilies. However, the extent and impact of *Helitron* transposition and gene chimera formation across species has not been previously investigated. Studies of *Helitrons* in maize, *Arabidopsis*, rice ([@evu204-B47]; [@evu204-B113]; [@evu204-B21]; [@evu204-B125]), and lepidopteran genomes ([@evu204-B42]) revealed much about the impact of recent *Helitron* transposition but are not informative about long-term dynamics due to a comparatively high rate of genomic turnover (*Drosophila* ∼60 times faster than mammals; ∼14.3 Myr \[[@evu204-B88]\]; maize estimated \<2 Myr \[[@evu204-B5]\]) and low average age of *Helitrons* (0.25--5 Myr old) ([@evu204-B47]; [@evu204-B113]; [@evu204-B21]; [@evu204-B125]; [@evu204-B42]). The *M. lucifugus* and related genomes on the other hand have a slower mutation rate and longer unconstrained DNA half-life (884 Myr) ([@evu204-B88]), thus are ideal to study long-term activity and impact of *Helitrons*.

Here, we leverage the recent release of a high-quality 7× genome assembly of *M. lucifugus* to carry out the first comprehensive characterization of *Helitrons* in a mammalian genome. We also analyzed RNA-sequencing (RNA-seq) data from an adult *M. lucifugus* salivary gland to develop an understanding of *Helitron*-mediated structural alterations of a bat transcriptome. Most profoundly, we provide the first evidence that *Helitron* activity spans the diversification of the Vespertilionidae family, with recent activity around approximately 1.8--6 Ma, a pattern that resembles the vertical persistence of LINE retrotransposons in primates ([@evu204-B49]). This is the first indication that *Helitrons* are capable of long-term persistence and can maintain activity over extended evolutionary periods, which is in sharp contrast to cut-and-paste DNA transposons in animals ([@evu204-B85]; for review, [@evu204-B102]; [@evu204-B106]; [@evu204-B50]). In addition, we report that *Helitrons* have sequentially captured gene fragments, cDNAs, and regulatory regions creating lineage-specific gene chimeras. The genomic impact of this horizontally transferred TE family on the structure of the genome and transcriptome is discussed in light of the unique transposition mechanism, long-term persistence, and propensity for gene shuffling.

Materials and Methods
=====================

*Identification and Classification of* Helitrons
------------------------------------------------

A complementary combination of de novo and structure-based approaches (Repeatscout 1.0.2 \[[@evu204-B93]\] and Helsearch \[[@evu204-B126]\]) was employed to identify *Helitrons* from the *M. lucifugus* genome (GL429767--GL433173, 3,407 scaffolds, from GenBank at National Center for Biotechnology Information \[NCBI\]). The repeat families identified by Repeatscout were assembled (Sequencher 4.7; \>90%identity and 100-bp overlap) and Repclass ([@evu204-B27]) was used for TE classification. Upon manual validation, *Helitrons* were classified into families, subfamilies, and exemplars ([@evu204-B126]). Similarly (de novo approach) *Helitrons* in *Eptesicus fuscus* (Assembly EptFus1.0 deposited at NCBI) were identified to confirm the lineage-specific activity of *Helitrons*.

*Identification of Host Genomic Sequences within* Helitrons
-----------------------------------------------------------

To identify gene fragments captured by *Helitrons,* a representative of each family, subfamily, and exemplar was queried using nucleotide-based searches (BLASTn, default parameters) against all mammalian genomes deposited at NCBI. Considering the slow rate of sequence decay ([@evu204-B129]; [@evu204-B7]) and the absence of *Helitrons* in most mammals ([@evu204-B95]; [@evu204-B116]), the only significant hits represented regions homologous to non-*Helitron* regions conserved in other mammalian genomes. The resulting hits (*E*-value ≤10^−04^, \>50 bp) were then queried against the human gene information from the UCSC (University of California--Santa Cruz) genome browser to further annotate the host gene fragments as promoter, UTRs, exon, or intron. Empty sites were identified to validate the mobility of the *Helitrons* containing host gene fragments and to confirm the boundaries of those belonging to novel families ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). The gene fragments within *Helitron* are considered of retrogene origin, if the gene fragment is characterized by multiple exons, which are devoid of introns. In some cases, poly A tail and TSDs flanking the gene were identified. *Helitron* containing retrogenes with a poly A tail and TSDs were considered as retroposition to the *Helitron*, where as retrogenes with no identifiable TSDs were considered as capture of pre-existing retrogenes. For these cases, empty sites were sought to confirm the retroposition rather than capture.

Simulation analyses were performed to identify bias in ease of identification of any particular region of a gene (upstream/promoter, 5′-UTR, coding exons, introns, and 3′-UTR) using homology-based methods. In addition, the influence of *Helitron* position was assessed (detailed in [supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). To assess the nature of the promoter regions captured by *Helitrons*, the human homologs were extracted using the UCSC genome browser. The chromatin state segmentation data of the corresponding captured promoter sequences from nine human cell types were observed using UCSC genome browser ([@evu204-B46])

*Estimation of Copy Number and Abundance of* Helitrons *in the genome*
----------------------------------------------------------------------

To estimate *Helitron* copy numbers, the first and last 30 bp of all *Helitrons* were queried to the *M. lucifugus* genome using RepeatMasker (v 4.0.2) ([@evu204-B110]) and hits greater than 80% identical were counted. To estimate the proportion of the genome occupied, the *Helitron* library was used to Repeatmask the *M. lucifugus* genome ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). Copy numbers of *Helitrons* containing host sequences were extracted from the RepeatMasker output by counting *Helitrons* covering greater than 50% of the total length of the query *Helitron.*

*Estimation of Length of Activity of* Helitrons *in* M. lucifugus *Genome*
--------------------------------------------------------------------------

A subset of the *Helitron* library (containing host sequences) was blasted (BLASTn) against *E. fuscus* and *M. davidii* genomes available at NCBI to identify the gene capture (amplification) events unique to each lineage. Age of such capture events was estimated based on the presence/absence of insertions in both species and from the estimated divergence time ([@evu204-B78]). In some cases, age of *Helitrons* was also calculated based on the average divergence from the consensus and the estimated neutral mutation rate ([@evu204-B97]) ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). To further support the continued activity of *Helitrons*, we sought to identify the putatively active autonomous *Helitron* in the *M. lucifugus* genome. The *Helibat1* consensus ([@evu204-B95]) was used to blast (BLASTn) against *M. lucifugus* genome, individual copies were extracted, and the presence of intact ORFs was examined using ORF finder (<http://www.ncbi.nlm.nih.gov/gorf/gorf.html>, last accessed September 22, 2014).

Tests for Selection
-------------------

The parental is defined as the source gene from which the retroposed copies arose. If the capture of the retrogene occurred prior to the divergence of *M. lucifugus*, the putative parental was reconstructed by generating a consensus from the aligned orthologous copies. Upon identification of copies with an intact ORF, analyses were performed to estimate the selection pressure on the coding regions. Synonymous (d*S*) and nonsynonymous (d*N*) substitution rates were calculated by codeml in the PAML package ([@evu204-B35]) by using PAL2NAL ([@evu204-B112]) with the default parameters. Further, a maximum-likelihood ratio test was performed if the d*N*/d*S* ratio was less than 0.5 (indicative of purifying selection) to further test the statistical significance ([@evu204-B128]; [@evu204-B6]).

*Identification of* Helitron *Containing Transcripts from the Submandibular Gland Transcriptome*
------------------------------------------------------------------------------------------------

The illumna RNA-seq reads (75 bp) from the submandibular gland of *M. lucifugus* ([@evu204-B90]) (SRP031492) were assembled using Trinity ([@evu204-B36]) using both de novo and genome-guided approaches ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). Transcripts with minimum expression abundance (fragments per kilobase of transcript per million mapped reads \[fpkm\] \> 1, ≥200 bp) were queried using the *Helitron* library using BLASTn (v2.2.21). Hits with *E*-values \<10^−4^ over at least 30 bp were manually examined and categorized based on how *Helitrons* altered the structure of the transcript ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). The coding potential calculator ([@evu204-B66]) and BLAST tools were used to assess the coding capacity of the transcripts, and noncoding transcripts were further categorized based on the criteria reviewed in [@evu204-B51] ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online).

Results
=======

*Classification and Abundance of* Helitrons *in* M. lucifugus
-------------------------------------------------------------

A library of 645 unique *Helitrons* (with precisely defined termini), comprising 44 families ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online), 47 subfamilies, and 534 exemplars was compiled by employing multiple computational tools (Materials and Methods). To validate the boundary and mobility of the element, orthologous or paralogous empty sites were identified for each family and subfamily reported ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). The average size of the elements was 804 bp (±703 SD) and the individual copies ranged from 123 to 5,503 bp in length. Copy numbers for each *Helitron* subfamily were estimated by counting the 5′- (first 30 bp) and 3′-ends (last 30 bp) that had at least 80% identity to the query (Materials and Methods, [supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). In total, 132,717 (5′) and 159,643 (3′) ends were identified indicating the presence of at least 132,717 *Helitrons*. In total, *Helitron*-derived sequences accounted for 109.8 Mb of DNA ([fig. 1](#evu204-F1){ref-type="fig"}) (5.8% of the ∼1.89 Gb assembly).

*Identification of Gene Fragments Captured and Amplified by Bat* Helitrons
--------------------------------------------------------------------------

To identify *Helitrons* that have captured gene fragments, we leveraged the absence of these elements in mammals (outside of vespertilionid bats) ([@evu204-B95]; [@evu204-B116]) and the slow evolving nature of mammalian genomes ([@evu204-B129]; [@evu204-B7]) compared with other plants and insects ([@evu204-B88]; [@evu204-B5]). This cross-species comparative approach allowed the demarcation of sequences homologous to those found in other mammalian genomes but embedded within *Helitrons* in *M. lucifugus*. The genic fragments within the *Helitrons* were aligned to the well-annotated human genome for annotation (promoter, UTR, intron, exon, etc.). Using this approach we found that 110 of 645 unique *Helitrons* carry host sequences from 54 different genes ([supplementary tables S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online) and from 16 distinct nongenic regions conserved in other mammalian genomes ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online).

*Helitrons* that carry host sequences (protogenes) were amplified to 12,382 copies ([supplementary tables S2--S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). Examination of the captured regions revealed a higher frequency of sequences corresponding to the 5′-end of the gene (promoters, 5′-UTR, first coding exon and first intron) compared with other genic regions (internal or last exon, other introns, 3′-UTR) ([fig. 2](#evu204-F2){ref-type="fig"} and [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). In addition, *Helitrons* containing promoters, 5′-UTRs, or the first exon/intron tend to amplify to higher copy number (ranging from 4,690 to 5,505 copies) than those containing other genic regions (28--1,381 copies) ([fig. 2](#evu204-F2){ref-type="fig"}). This pattern was not accounted by a bias in our methods of detecting potentially more conserved regulatory regions ([supplementary data set S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [results](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online) nor does it reflect a distribution bias for *Helitron* insertions in the genome ([supplementary data set S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [results](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). F[ig]{.smallcaps}. 2.---*Helitrons* carry different kinds of genic fragments in variable copy numbers*.* A representative of the *Helitron* containing the gene fragment was compared with the corresponding human gene to identify the nature of the gene fragment captured. Numbers above the bars denote the number of genes from which the respective genic region (*x* axis) was captured. The *x* axis corresponds to the type of genic region captured by the *Helitron* and *y* axis corresponds to the copy number of *Helitrons* containing the genic regions. A detailed list of the captured genes and their copy numbers are provided in [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online.

We further investigated the nature of the chromatin state in nine human cell types generated by the ENCODE project ([@evu204-B46]) for the sequences corresponding to captured promoters in *Helitrons* (15 distinct genes). The corresponding human sequences displayed chromatin marks consistent with promoter and frequently enhancer activity in at least one of the cell lines tested ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). This analysis is in agreement with the human annotation and suggests that *Helitrons* carrying these sequences given the correct genomic context might be able to drive transcription. Transcription is necessary for a protogene to gain function and be selected upon.

*Evidence of Prolonged* Helitron *Activity in the Vespertilionid Bat Lineage*
-----------------------------------------------------------------------------

By using cross-species comparative genomics, we estimate that there were at least 11,688 *Helitron* generated protogenes fixed prior to the divergence of *Eptesicus* and *Myotis* ([fig. 3](#evu204-F3){ref-type="fig"}*A*). In addition, we found that at least 392 protogenes are *E. fuscus*-specific, 668 are *Myotis*-specific (shared by both *M. lucifugus* and *M. davidii* but absent in *E. fuscus*) ([fig. 3](#evu204-F3){ref-type="fig"}*A* and [supplementary table S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online), and 26 insertions are *M. lucifugus*-specific. These data confirm the activity of the *Helibat* family prior to (∼25 Ma) ([@evu204-B95]; [@evu204-B116]) and provide evidence for continued activity after the diversification of the *Myotis* lineage (12 Ma). F[ig]{.smallcaps}. 3.---Continuous activity and sequential capture of gene fragments by *Helitrons*. (*A*) The phylogenetic relationship of the three vespertilionid bat genome sequences publicly available (used in this study) and the sister family Miniopteridae. Activity of *Helitrons* is limited to the vespertilionid bat lineage and is estimated to have begun around 30--36 Ma (red lighting bolt) ([@evu204-B95]). The timing of divergence is represented at each node (in Myr) ([@evu204-B78]; [@evu204-B111]; [@evu204-B40]). The number within the parenthesis represents the lineage-specific *Helitron* copies with host sequences. The lineage-specific insertions in the *M. davidii* and *Eptesicus* genome are underestimates as we did not thoroughly analyze the *Helitron* content of those genomes. (*B*) A cartoon structure of the *Helitron* containing *TMBIM4* (involved in apoptosis inhibition ([@evu204-B105]) gene fragment, *HelibatN217.1*. (*C*) An alignment of the *TMBIM4* fragment within *HelibatN217.1* to that of the host fragment from the mouse lemur, bat (parental), and human genome. The captured region shares 87% identity over 223 bp (excluding gaps) with the *TMBIM4* parental gene and occurs in the reverse orientation relative to the *Helitron.* (*D*) A cartoon representation of the structure of the *Helitron* with *TMBIM4* fragment and the sequentially captured *TACC3* (involved in stabilizing spindle microtubules \[for review, [@evu204-B32]\]) retrogene, *HelibatN22*. (*E*) An alignment of the *TACC3* retrogene fragment within *HelibatN22* to the sequence of a cDNA from human and the retrogene from bat (not parental) and horse. The captured region spanning the last four exons and the 3′-UTR of the gene shared approximately 78% sequence identity over 265-bp excluding gaps. The color of the lines above the alignment indicates the region of the gene (e.g., red line shows 5′-UTR, blue line shows the coding exons, purple line shows the 3′-UTR, and pink line denotes the intron).

This cross-species analysis also revealed sequential capture of host gene fragments during the diversification of the Vespertilionidae. For instance, we identified three exemplars with different sets of gene fragments, each of which were specific to a different branch of the bat phylogeny (as shown in [fig. 3](#evu204-F3){ref-type="fig"}*A*). The capture of the 5′-UTR, first exon, and partial first intron of a homolog of the human transmembrane BAX inhibitor motif containing 4 (*TMBIM4*) gene by *HelibatN217.1* occurred in the ancestor of the three bats ([fig. 3](#evu204-F3){ref-type="fig"}*A*--*C*). After the divergence of *Eptesicus* and *Myotis*, a second capture event occurred in the ancestral *Myotis* lineage where a partial retrogene of the transforming acidic coiled-coil containing protein 3 (*TACC3*) ([fig. 3](#evu204-F3){ref-type="fig"}*D* and *E*) was inserted upstream of the captured *TMBIM4* fragment (annotated as *HellibatN22*, 17 copies). Further analysis of copies of the *Helitron* containing the *TACC3* in the *M. lucifugus* genome led to the identification of a third, recently amplified subfamily *HelibatN541* ([fig. 4](#evu204-F4){ref-type="fig"}), which carries a fragment of *TACC3* retrogene ([fig. 4](#evu204-F4){ref-type="fig"}*A*). This fragment can be readily aligned to the *TACC3* retrogene capture discussed above; however, whether it is the result of an independent capture or a deletion of the previously mentioned gene capture is unclear. We identified 26 closely related copies (98--99% identity to the subfamily consensus) of *HelibatN541* in the *M. lucifugus* assembly but none in the *M. davidii* assembly ([fig. 4](#evu204-F4){ref-type="fig"}*B*--*D*)*.* We also estimated that *HelibatN541* transposed approximately 1.8--6 Ma based on sequence divergence (0.9% ± 0.49 SD) and neutral substitution rate ([@evu204-B97]) (see [supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online), which would indeed postdate the divergence of the two *Myotis* species (∼12 Ma) ([fig. 3](#evu204-F3){ref-type="fig"}*A*). To further support the possibility of recent activity, we examined the current *M. lucifugus* genome assembly to identify potentially intact autonomous elements containing Zn finger motifs, Rep and Helicase domains. We did not find an intact element, but we found that a 1,496 amino acids (aa) ORF encoding Zn finger motifs, Rep and Helicase domains could be reconstituted by introducing three changes in a copy (GL429822.1\|: 1008959--1014346). In summary, we found that most *Helitron* exemplars arose at least 25 Ma but report several lines of evidence that support the transposition of the *Helibat* family persisted over most of the course of vespertilionid bat evolution (as recently as 1.8--6 Ma) engendering lineage-specific genic variation. F[ig]{.smallcaps}. 4.---A recently active *Helitron* in *M. lucifugus.* (*A*) The structure of *HelibatN541*, the *Helitron* unique to the *M. lucifugus* genome, which carries a small piece of an exon and the complete 3′-UTR of the *TACC3* retrogene fragment. (*B*) An alignment of the each copy of *HelibatN541* family to its consensus (made from five copies by majority rule). The 5′ and 3′ terminal 30 bp and internal 30 bp are aligned. (*C*) Alignment of the insertion sites of *HelibatN541* copies in *M. lucifugus* genome to the corresponding empty sites in the *M. davidii* genome.

*How Do* Helitrons *Capture Gene Fragments?*
--------------------------------------------

Several models have been proposed to explain gene acquisition by *Helitrons* ([@evu204-B31]; [@evu204-B10]; [@evu204-B58]; [@evu204-B114]; [@evu204-B70]). [@evu204-B31] proposed that capture of host sequences occurs when there is inefficient recognition of the termination signal of a *Helitron* close to the captured region leading to the transduction of adjacent downstream host sequence and later termination by a random signal. Updating this model, [@evu204-B114] proposed that another *Helitron* inserted nearby acts as the termination signal, resulting in a chimeric *Helitron* with host gene sequences in between. The parental copies of all genes that were captured by *Helitrons* were examined to identify related *Helitrons* (with similar ends as that of the *Helitron* with gene capture) adjacent to the parental captured region ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). In most cases, we failed to identify related *Helitrons* near the captured region (26 cases). This could be because a related *Helitron* was never nearby, or that it was there but was not fixed or it was subjected to lineage sorting so present in some lineages but not others. For 20 cases, the assembly was poor in the region examined. However, in three cases (*HelibatN539, HelibatN217.1,* and *HelibatN549*), we found nearly identical 3′-ends of *Helitrons* adjacent to the parental gene. In the parental copy of *HelibatN539*, we also found a nearly identical 5′-end in the same orientation flanking the captured host region (*KCNQ5* gene) ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). Thus, it appears that in this case a composite transposition event occurred using the 5′-end of one *Helitron* copy and the 3′-end of the other copy resulting in the creation of a compound transposon *HelibatN539* ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). The result is a novel chimeric *Helitron* and the capture of the intervening region, which supports the end bypass model ([@evu204-B31]; [@evu204-B114]). It should be noted that although *HelibatN539* is present in *E. fuscus* as well as *Myotis*, the progenitor *Helitron* at the 3′-end could only be identified in the *E. fuscus* genome ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online).

Helitron*-Mediated Amplification of Nested Retrogenes*
------------------------------------------------------

The retroposition of messenger RNA (mRNA) to generate retrogenes is a common mechanism of gene duplication in mammalian genomes (for review, [@evu204-B133]; [@evu204-B56]). We identified four distinct instances of mRNAs that had been reverse transcribed into *Helitrons* and further propagated (118 copies; [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). These secondary insertions display the hallmark of retrogenes: They lack introns, terminate by a stretch of adenines, and are flanked by TSDs consistent with LINE-1-mediated retroposition events ([@evu204-B23]). In all four cases, we were able to identify exemplars that lacked the retrogene (empty sites) suggesting the retroposition of those genes into the *Helitrons* rather than capture of the retrogene elsewhere with TSDs ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). This is the first report of such retrogene propagation by *Helitrons* or, to our knowledge, any DNA transposon. Although all four cases involved 5′-truncated insertions (a common outcome in LINE-1-mediated retroposition \[[@evu204-B135]\]), in two of those cases only a small region of the 5′-UTR is missing (ribosomal protein, large, P0 \[*RPLP0*\] \[*HelibatN424*\] and phosphoglycerate dehydrogenase \[*HelibatN544*\]) ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online).

Our analysis revealed a novel mechanism by which *Helitron* transposition in conjunction with the LINE-1-mediated retroposition of mRNA can create protogenes by bringing together a promoter and retroposed sequences. Retrogenes typically lack promoter regions and integration near a promoter region, may facilitate transcription (for review, [@evu204-B133]; [@evu204-B56]; [@evu204-B55]). For instance, *HelibatN211* (73 copies) carries the promoter, 5′-UTR, exon, and intron of *SRPK1* ([fig. 5](#evu204-F5){ref-type="fig"}*A* and *B*). An mRNA of the *RPLP0* was retroposed into the captured promoter region (339 bp upstream of 5′-UTR) of *SRPK1* in the *HelibatN211* forming a new exemplar, *HelibatN424* ([fig. 5](#evu204-F5){ref-type="fig"}*C* and *D*). *HelibatN424* was amplified to six copies before the diversification of *Eptesicus* and *Myotis.* Whether the *HelibatN424* protogene is transcribed from this promoter remains to be explored, as the *SRPK1* promoter typically drives expression in the direction away from the retrogene ([@evu204-B1]). However, the process illustrates one mechanism by which retrogenes could be brought into close proximity to prefabricated promoter regions, gaining the sequences necessary to support transcription. F[ig]{.smallcaps}. 5.---*RPLP0* mRNA retroposed into the exemplar *HelibatN211*. (*A*) The structure of the *HelibatN211* exemplar, which contains *SRPK1* gene fragment. (*B*) Alignment of the *SRPK1* (a single copy human gene known to play a regulatory role in intron splicing \[for review, [@evu204-B33]\]) gene fragment within *Helitron* to human and walrus. Yellow and orange lines show the 30 bp at the 5′-end and 3′-end, respectively. Cyan line corresponds to the promoter regions. The black triangle shows the position of the retroposition event. (*C*) The structure of *HelibatN424,* which represents *HelibatN211* after the retroposition of the *RPLP0* (a component of the 60S subunit of the ribosome) mRNA. (*D*) An alignment of *RPLP0* cDNA carried by *Helitron* to the human, mouse *RPLP0* cDNAs, and *RPLP0* gene (without introns) from *M. lucifugus*. The TSDs generated during retroposition are marked in green. The colors of the lines above the alignment indicate the corresponding regions: 5′-UTR (red), exons (blue) and 3′-UTR (purple), and poly-As (brown).

Evidence of Potential Function
------------------------------

To identify potentially functional *Helitron*-amplified genes, we measure the ratio of d*N/*d*S* ([@evu204-B128]; [@evu204-B6]) on the coding region of copies that had complete intact ORFs compared with the parental gene (see Materials and Methods). Four of the 36 copies of the TCF3 (E2A) fusion partner (*TFPT*) retrogene amplified by *HelibatN102* ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online) have intact ORFs as described. Presence of multiple orthologous copies in *M. davidii* indicates the capture of the retrogene occurred before the divergence of the two bat species. To take that to account, we constructed a super consensus (from eight orthologous copies) to represent the parental gene that was retroposed. Among the four copies with intact ORFs, the d*N*/d*S* ratio for one copy is significantly less than 0.5 (0.39, *P* \< 0.05). The orthologous *Helitron* amplified retrogene in the *M. davidii* genome has a higher d*N*/d*S* ratio (0.65) in addition to the presence of multiple premature stop codons suggesting that the observed signals of selection are not due to pre-existing constraints. To further understand the pattern of selection pressure on other copies within the *M. lucifugus* genome that do not have an intact ORF, a similar analysis was performed. Only two of the nearly complete 25 *TFPT* copies have d*N*/d*S* ratio less than 0.5 (*P* \< 0.05). These two copies had stop codons within first 110 aa and have a methionine amino acid after the stop codon. However, the signatures of purifying selection ([supplementary table S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online) suggest that the *TFPT* gene duplicates may be functional.

*Impact of* Helitrons *on the Transcriptome*
--------------------------------------------

To assess the impact of *Helitrons* on the evolution of transcript structure, we analyzed transcriptome data generated for the salivary gland of *M. lucifugus* (Materials and Methods). A total of 29,493 distinct transcripts including isoforms (≥200 bp) were assembled from RNA-seq data (∼30 million paired end reads; with fpkm \>1). Of these transcripts, 417 (1.4%) contain a *Helitron* sequence. Further inspection of these transcripts revealed that *Helitron* insertions have altered every aspect of transcript structure, including the site of transcription initiation, the length and sequence of the 5′-UTR and 3′-UTR and exon boundaries ([fig. 6](#evu204-F6){ref-type="fig"}*A*--*E*, Materials and Methods, [supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). These transcripts include those that are potentially coding (38%) and noncoding (62%) ([supplementary data set S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). *Helitrons* are found integrated into both orthologs and paralogs of human long noncoding RNAs (lncRNAs) ([fig. 6](#evu204-F6){ref-type="fig"}*F* and [supplementary data set S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online) or as components of lncRNAs not previously described in other species (198 transcripts; [supplementary table S8](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [data set S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). Thus, *Helitron* insertions have altered the structure of a fraction of both coding (mostly 3′-UTR) as well as noncoding transcripts. F[ig]{.smallcaps}. 6.---The subset of adult salivary gland transcript containing *Helitrons*. (*A*) Categorization of transcripts that have human homologs. In X/Y%, X corresponds to the number of transcripts that fall in that category (alternative transcripts containing the same *Helitron* are counted only once). Y denotes the percent of the total transcripts (excluding the alternate transcripts) altered by a *Helitron* in each category. Note that if a transcript can be included in multiple categories, it is counted as a member of all applicable categories. (*B*) to (*I*) are examples of various categories. (B) A *Helitron* is part of the 5′-UTR. It is inserted in the intron in the 5′-UTR of the DEDD gene, interrupting the splicing of the intron. (*C*) *Helitron* introduces a premature stop codon (shown as a star). It is inserted in the intron before the 3′-UTR of *YWHAQ* gene and interrupts the splicing of the intron. (*D*) A *Helitron* provides a cryptic splice site and fuses with a transcript from the *ZMYM4* gene. The *Helitron* provides an initiation codon and a few codons in the predicted ORF of the alternative transcript of *ZMYM4* gene. (*E*) A gene fragment within *Helitron* provides a cryptic splice site and fuses with a transcript from *SGSM3* gene. The *Helitron* contains the promoter, 5′-UTR and exon1 and part of the intron1 of the *NUBPL* gene and introduces a premature stop codon in the transcript. (*F*) A *Helitron* contributes to an exon present in two long intergenic noncoding RNAs (lincRNAS) (TCONS_00001429 and TCONS_00002307). (*G*) A *Helitron* introduces predicted miRNA-binding sites to the 3′-UTR of *POFUT1* transcript. The *Helitron* also introduces fragments of the 5′-UTR and exon1 from the *DENND5B* gene into the 3′-UTR. (*H*) A *Helitron* is inserted in the 3′-UTR of the *UFSP2* gene and introduces a Mushashi protein-binding motif. (*I*) A *Helitron* adds a novel polyadenylation site to *OTUD3* gene transcripts.

Due to the preponderance of *Helitrons* found in the 3′-UTR of transcripts ([fig. 6](#evu204-F6){ref-type="fig"}) and the multiple roles of the 3′-UTR in gene regulation (for review, [@evu204-B39]), we sought to identify regulatory motifs carried by the subset of *Helitrons* found in the 3′-UTR of mRNAs. Using PITA (microRNA \[miRNA\] target finder tool) ([@evu204-B62]) and based on the human miRNAs deposited in miRBase ([@evu204-B67]), a total of 338 predicted miRNA-binding sites (8 mer seeds with no mismatches and with minimum energy \[[supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online\] \[[@evu204-B62]\]) for 203 miRNAs were identified in *Helitron* sequences embedded in 52 transcripts (∼72%, [fig. 6](#evu204-F6){ref-type="fig"}*G* and [supplementary data set S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). Supporting the putative function, 209 of the predicted sites were perfectly conserved in either or both the *E. fuscus* and *M. davidii* orthologs. To determine whether these predicted miRNA-binding sites existed in *Helitrons* or whether they evolved after insertion into the 3′-UTR, we compared their sequences with the consensus generated from multiple *Helitron* copies using majority rule. These analyses revealed that 213 of the 338 predicted sites were not identified in the consensus suggesting that they evolved after insertion in the 3′-UTRs. These predicted sites are also identified at orthologous positions in *E. fuscus* (25) and in *M. davidii* (110) suggestive of their putative function*.* To further assess the potential biological relevance of these predicted miRNA-binding sites, the presence of bat homologs of the corresponding precursor miRNAs (pre-mir) and their expression in the salivary gland transcriptome was assessed ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). We found that 61 of 193 pre-mirs (multiple mature miRNAs can arise from a single precursor \[[@evu204-B37]\]) have homologs in the *M. lucifugus* genome and seven of these are expressed (\>1 fpkm) in the salivary gland transcriptome ([supplementary data set S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). Together these data indicate a possible role of *Helitrons* in seeding of miRNA-binding sites throughout the *M. lucifugus* transcriptome.

To identify other putative regulatory motifs, *Helitron*-containing transcripts were analyzed using UTRscan, which predicts the presence of functionally characterized motifs in UTRs ([@evu204-B38]). Several Mushashi-binding elements were predicted in *Helitrons* residing in the 3′-UTR of 16 transcripts (20 sites) ([fig. 6](#evu204-F6){ref-type="fig"}*H* and [supplementary table S9](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). The Mushashi protein is involved in the posttranscriptional regulation of several key developmental genes ([@evu204-B89]; for review, [@evu204-B77]). We found that the bat ortholog of human Mushashi-2 (*MSI2H*) is expressed in the submandibular gland at a relatively high level (15 fpkm); thus, it is conceivable that this protein could be involved in the regulation of those genes through binding to the Musashi-binding elements predicted in *Helitrons*. In addition, we found that *Helitrons* provide novel polyadenylation sites for two transcripts originating from genes (*OTUD3* and *TOR1B*) that are highly conserved across vertebrates ([fig. 6](#evu204-F6){ref-type="fig"}*I* and [supplementary table S9](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [data set S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). Each of these examples suggests that some of the *Helitrons* residing in the 3′-UTRs of *M. lucifugus* mRNAs may have acquired regulatory roles, although these remain to be functionally tested.

Discussion
==========

The little brown bat genome affords the opportunity to look at the dynamics and consequences of *Helitron* amplification at a much deeper evolutionary time period relative to the plant and insect genomes previously studied ([@evu204-B47]; [@evu204-B113]; [@evu204-B21]; [@evu204-B125]; [@evu204-B42]). *Helitron* activity has generated approximately 6% of the *M. lucifugus* genome (∼110 Mb; [fig. 1](#evu204-F1){ref-type="fig"}), which percentagewise is close to that described for the lepidopteran, *Heliconius melpomene* (6.6%; 17.1 Mb) and is more than approximately 2% (45 Mb) of the B73 inbred line of the maize ([@evu204-B125]) and approximately 4.2% (20 Mb) of the silkworm genome ([fig. 1](#evu204-F1){ref-type="fig"}) ([@evu204-B42]). The total amount of bat *Helitron* DNA (110 Mb) is approximately 2× more than what is seen in the other genomes. In *M. lucifugus*, many *Helibat* subfamilies are amplified to several hundreds of copies ([supplementary tables S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online) where as in maize very few subfamilies have gained such high copy number ([@evu204-B21]; [@evu204-B125]). Another key difference is that the *Helibat* subfamilies range in age, from approximately 1.8 to approximately 36 Myr old ([fig. 3](#evu204-F3){ref-type="fig"}). This is in striking contrast to maize where most of the insertions are thought to be less than 250,000 years old, and in silkworm where the peak of *Helitron* activity was within the past 2 Myr ([@evu204-B125]; [@evu204-B42]). Indeed some *Helibat* subfamilies and exemplars are lineage-specific, thus *Helibat* activity has garnered genomic structural variation throughout the Vespertilionidae family. This extended period of activity in concert with the relatively slow rate of mammalian evolution ([@evu204-B129]; [@evu204-B7]) in comparison with other plants and insects contributes to the large amount of *Helitron-*generated DNA found in the *M. lucifugus* genome today.

Long-term activity is unorthodox for DNA transposons in mammalian genomes, which display a different transposition mechanism (cut-and-paste vs. rolling-circle) and are typically characterized by a burst of rapid proliferation followed by mass extinction ([@evu204-B85]; for review, [@evu204-B102]; [@evu204-B106]; [@evu204-B50]). This pattern of long-term activity of cut-and-paste DNA transposons has been proposed based on the observation of vertical diversification in plants ([@evu204-B76]; [@evu204-B30]) a pattern not seen with animal cut-and-paste DNA transposon families. In animals, this pattern is more similar to the vertically persistent non-Long Terminal Repeat (LTR) retrotransposon proliferation well characterized in mammalian genomes ([@evu204-B49]). Perhaps coincidentally, the amount of DNA that has been generated by *Helitrons* in the *M. lucifugus* genome is comparable to the amount of DNA generated by L1 retrotransposition in the human lineage over the same period of evolution ([@evu204-B63]). *Helitron* activity has created several hundreds of insertions that are either *Myotis*-specific or *Eptesicus*-specific ([figs. 3](#evu204-F3){ref-type="fig"} and [4](#evu204-F4){ref-type="fig"} and [supplementary table S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). This clearly demonstrates the role of *Helitrons* in inducing genomic structural variation. These lineage-specific insertions could be leveraged as markers to reconstruct the phylogeny of vespertilionid bats, which has been recalcitrant to classical phylogenetic approaches due to their recent and rapid diversification ([@evu204-B68]; [@evu204-B75]). It is possible that *Helitrons* could be active in some vespertilionid bats, as we were able to reconstruct a putative autonomous copy with three changes. Therefore, bat *Helitrons* might provide an interesting system to dissect the transposition and gene capture mechanisms in an experimental setting.

In addition to structural variation, bat *Helitron* activity has led to genomic innovation through capture, duplication, and fusion of host gene sequence (the generation of protogenes). A total of 12,382 *Helitron* elements have amplified host sequences ([supplementary tables S2--S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). We limited our study to well-vetted repeat families (confirmed with an orthologous or paralogous empty site). In addition, our detection method relies on homology with other mammalian genome sequences and gene captures were documented and annotated only when the sequence was conserved in the human genome (Materials and Methods). The *Helitrons* carrying host sequences account for approximately 0.6% of the *M. lucifugus* genome ([supplementary tables S2--S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). This amount of gene duplication is remarkable given that mammalian protein-coding exons typically account for approximately 1.5% of the genome ([@evu204-B73]) and suggest that these protogenes could have profound evolutionary implications. In a pattern similar to what is seen in maize or insect ([@evu204-B69], [@evu204-B71]; [@evu204-B10]; [@evu204-B41]; [@evu204-B82]; [@evu204-B52]; [@evu204-B125]; [@evu204-B3]; [@evu204-B42]), we report that some *Helitron-*generated protogenes are transcribed or under purifying selection. Furthermore, the number of *Helitrons* containing host sequences in the *M. lucifugus* genome (12,382) is lower than maize (at least 20,000) ([@evu204-B125]). In maize, the number of gene fragments acquired per exemplar is reported to range from 1 to 9 ([@evu204-B21]; [@evu204-B125]), where as in *M. lucifugus*, it is 1--2. In addition, the length of *Helitrons* in maize varies from 202 to 35,925 bp ([@evu204-B125]) (average length of 4,616 bp) ([@evu204-B113]), where, as in *M. lucifugus* the range is 123--5,503 bp (average 804 bp \[±703 SD\]). The high frequency of gene capture is not observed in either the rice or *Arabidopsis* genomes where the average length of each element is 441 and 950 bp, respectively ([@evu204-B113]). However, it is interesting to note that rice has large number of Pack-MULEs (\>3,000) which have captured and amplified gene fragments from more than 1,000 genes ([@evu204-B53]).

One striking finding was the capture of promoter regions from 15 genes by different exemplars and subfamilies, which then amplified to high copy numbers (4,690 copies dispersed throughout the genome) ([fig. 2](#evu204-F2){ref-type="fig"} and [supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). The presence of a promoter (if functional) could promote transcription of regions carried in proximity, which is the first step toward becoming a functional gene. Indeed, the *Helitrons* carrying these promoters often had gene fragments from other regions of the genome captured in a sequential manner at the DNA level or at the RNA level as we describe for *HelibatN211* ([fig. 5](#evu204-F5){ref-type="fig"}). Although we do not know the evolutionary implication of this example, it serves to highlight the exceptional ability of *Helitrons* to create novel protogene chimeras that may be capable of immediate transcription. Capture of nearly full-length genes was reported in maize ([@evu204-B124]; [@evu204-B52]), where a few of the amplified copies had intact ORFs (with introns) ([@evu204-B124]; [@evu204-B52]), which were transcribed in multiple tissues ([@evu204-B52]). Here, we show for the first time that cDNA copies of mRNA are integrated into *Helitrons* and then further amplified by *Helitron* transposition, some of which are under purifying selection indicative of their potential function ([supplementary tables S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online).

The evidence of functional constraints acting on some of the retrogenes ([supplementary table S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online) amplified by bat *Helitrons* supports the view that protogene formation through gene capture at both the DNA as well as the RNA level is likely an important process to bat genome evolution (for review, [@evu204-B56]; [@evu204-B55]). Indeed, *Helitrons* have promoted the amplification of three of the gene families (*TFPT*, *RPLP0*, and *NARF*) identified in analysis of the *M. brandtii* and *M. davidii* genomes ([@evu204-B107]; [@evu204-B132]). It has been proposed that the gene duplicates have played a pivotal role in the evolution of vespertilionid bats ([@evu204-B132]).

To begin to understand the pattern of transcription and the usage of captured regulatory regions, we analyzed an RNA-seq data set from adult salivary gland. Our finding that 1.4% of the transcripts (\>1 fpkm) began with, contained or ended in a *Helitron* was remarkably consistent with a study of full-length silkworm cDNA (123 of 8,654; 1.4%) collected from multiple tissues at different developmental stages ([@evu204-B42]). We leveraged the extensive resources of transcription data from human to understand the ancestral state of the transcript (before *Helitron* insertion) and to interpret the variation engendered by the presence of the *Helitron*. *Helitrons* contributed putative novel transcription start sites, splice sites, polyadenylation signals, as well as 3′-UTR sequences with predicted miRNA-binding sites and known regulatory motifs to transcripts otherwise conserved across mammals ([fig. 6](#evu204-F6){ref-type="fig"}; [supplementary data sets S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [table S9](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). In addition, we found evidence that *Helitron* insertions have diversified the sequence of otherwise well-conserved lncRNAs ([fig. 6](#evu204-F6){ref-type="fig"}), which supports the hypothesis that TEs are important contributors to the evolution of the lncRNA repertoire of mammals ([@evu204-B61]; [@evu204-B59]) ([supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [table S8](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), and [data set S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) online). Together these data underscore the potential role of *Helitrons* in remodeling gene expression at both transcriptional and posttranscriptional levels, adding to the growing body of evidence that mobile elements represent major players in the lineage-specific tinkering of regulatory networks (for review, [@evu204-B26]; [@evu204-B9]; [@evu204-B100]). The limitations of the study include a single adult somatic tissue transcriptome, low coverage, and the lack of strand-specific RNA-seq data. For these reasons, what we observe here in regards to the influence of these elements on the transcriptome is likely the tip of the iceberg.

Genomic incompatibilities are likely to be fundamental to the establishment of reproductive barriers in the diverse and species-rich Vespertilionidae family (407 species, 48 genera) ([@evu204-B109]; [@evu204-B2]). Diversification within the family is extensive with the oldest extinct species having diverged approximately 40 Ma (lines of fossil evidence \[[@evu204-B48]; [@evu204-B78]\]) and the most recent having diverged approximately 1 Ma ([@evu204-B111]). Several genomic features that can be promoted by TE activity have been proposed to contribute to the evolution of reproductive isolation (for review, [@evu204-B11]; [@evu204-B8]; [@evu204-B84]; [@evu204-B131]; [@evu204-B99]; [@evu204-B104]; [@evu204-B91]). Some of these intrinsic factors include chromosomal rearrangements and variation in the gene structure and expression (for review, [@evu204-B121]; [@evu204-B83]). The continued transposition of *Helitrons* (∼1.8--36 Ma) along with the transduction and dispersal of genic fragments, including regulatory regions (promoters, UTRs), exons, exon--intron splicing sites, and retrogenes in a lineage-specific fashion could have played a role in generating incompatibilities. It is intriguing that *Helitron* activity mirrors the diversification of the Vespertilionidae family and is tempting to speculate that *Helitron-*mediated genomic incompatibilities, if not causal to speciation, might have played a role in the reinforcement of reproductive isolation.
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[Supplementary materials and methods](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [results](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [figures S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) and [S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), [tables S1--S9](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1), and [data sets S1--S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu204/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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